A separation method for a biopolymer, ε-poly-L-lysine (εPL), with its colorimetric determination using a yellow anionic dye, dipicrylamine anion (DPA -), is presented. The εPL-producing culture broth was mixed with a NaDPA solution to precipitate the εPL in polycationic form with the DPA -anion. The precipitate was dissolved into acetonitrile (AN). The AN solution was yellowish, and gave an absorption maximum at around 420 nm. Thus, εPL in the culture broth can be assayed colorimetrically a with multiwell microtiter plate. By the addition of bis(triphenylphosphoranylidene)ammonium chloride, the polycationic εPL was precipitated from the AN solution as the hydrochloride salt. On the other hand, the DPA -anion remained in the AN solution as the quaternary ammonium salt. Thus, εPL larger than tetramer can be separated and purified after the high-throughput screening of the synthetic enzyme.
Introduction
ε-Poly-L-lysine (εPL, Fig. 1 ) is a homopolymer of L-lysine linked by the peptide bond between carboxyl and ε-amino groups.
1,2 Industrially, εPL has been produced by a fermentation process using Streptomyces albulus. To date, εPL consisting mainly of 25 -35 L-lysine residues has been produced and used as a natural preservative in food products. 3 Under acidic and neutral conditions, εPL exists in polycationic form by the protonation of ε-amino groups, and associates with a negatively charged enzyme to form a polyion complex species. It has been shown that glucose oxidase is stabilized by the association with the polycationic εPL. 4 Also, the enzymatic reaction rate with negative charged substrate is increased remarkably. 5, 6 Thus, the applied study is being developed. Recently, the biosynthetic mechanism has been elucidated, 7, 8 and the screening of the synthetic enzyme to produce higher-or lower-molecular-weight εPL species as well as the more efficient one has become an important subject for further applications.
Thus, a colorimetric method suitable for the εPL assay with a multiwell microtiter plate is demanded. Also, a method for the separation of the product from the culture broth in the well is needed. The precipitation reaction with hydrophobic anions can be utilized in the determination and separation of εPL. In previous papers, 9, 10 we have presented a method for the separation of εPL from culture broth using tetraphenylborate anion. The method is based on the precipitation of polycationic εPL with the anion and the re-precipitation as the hydrochloride salt. The method is rapid and easy to carry out in comparison with the conventional column separation technique. Using the method, a specific εPL has been obtained successfully.
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The tetraphenylborate anion is colorless, and precipitates also NH4 + cation, which is added to culture media at a high concentration. Thus, it is not easy to estimate the production of εPL in the separation process. Also, we have presented a colorimetric method for the determination of εPL based on a colored molybdosilicate anion. 12 Since εPL was precipitated selectively from culture broth, the molybdosilicate anion can be considered as a superior analytical reagent for εPL. However, it is not easy to isolate εPL from the precipitate with the molybdosilicate anion.
In this study, a yellow anionic dye, dipicrylamine (DPA -, Fig. 2 ) anion 13 was examined as the precipitation reagent.
The DPA -anion precipitated a polycationic εPL but not NH4 + cation, and the precipitate was dissolved into an organic solvent, acetonitrile (AN). Thus, εPL can be determined from the yellowness of the AN solution. Also, it was found that, by the addition of bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl), the polycationic εPL can be precipitated from the organic solution as the hydrochloride salt. Thus, the product can be separated after the high-throughput screening of εPL synthetase.
Experimental
Chemicals ε-Poly-L-lysine was obtained from JNC Corp., and was used as a standard material. It was confirmed that the standard material consists mainly of the εPL species with n = 25 -35, 9 n being the degree of polymerization. The εPL was hydrolyzed by 1 mol/L HCl at 121 C for 20 min to obtain low-molecularweight εPL. The hydrolysate was neutralized by NaOH, and the resulting solution was used as a standard material of low-molecular-weight εPL (n ≥ 4).
Dipicrylamine sodium salt NaDPA was obtained from Tokyo Chemical Industry, Co., Ltd. Bis(triphenylphosphoranylidene) ammonium chloride BTPPACl was obtained from Aldrich. 2-Morpholinoethanesulfonic acid (MES) monohydrate was obtained from Dojindo. These were used without further purification. Other chemicals were of reagent grade, and were used as received.
εPL-producing culture broth
ε-Poly-L-lysine was produced in the culture medium containing 5% (w/w) glucose, 1% (NH4)2SO4, 0.5% yeast extract, 0.158% Na2HPO4, 0.136% KH2PO4, 0.05% MgSO4·7H2O, 0.004% ZnSO4·7H2O, and 0.003% FeSO4·7H2O (pH 6.8). In the medium, S. albulus NBRC14147 (wild type strain) was cultivated for 4 days at 30 C with rotary shaking. The culture broth was examined without deproteination.
Measurements
The absorption spectra were recorded by a spectrophotometer (JASCO V-630). In the spectrophotometric measurements, the pass length was 1 cm. In the microplate assay, the absorbance was recorded with a microplate reader (Bio-Rad iMark).
The εPL species was determined and characterized by an ultra HPLC (UHPLC) system (Agilent 1290 Infinity UHPLC system) with evaporative light scattering detector (ELSD, 1260 infinity ELSD, Agilent Technology). A SunShell RP-AQUA column (2.6 μm, 2.1 mm i.d. × 50 mm) was used for the separation at 40 C. An aqueous solution and an acetonitrile solution were used for mobile phases A and B, respectively. Both solutions contained 0.05% (v/v) n-heptafluorobutyric acid and 0.05% (v/v) formic acid. The A/B mixing ratio was varied as follows: 0 -1.87 min, 10 -23% linear gradient of solution B; 1.87 -5 min, 23 -31% linear gradient of solution B; 5 -7.5 min, 31% solution B; 7.5 -11.25 min, 31 -37% linear gradient of solution B; 11.25 -13.12 min, 37 -95% linear gradient of solution B; 13.12 -15 min, 95% solution B. The flow rate was kept constant at 0.4 mL/min throughout the experiment, and detection was achieved with ELSD.
Microtiter plate assay
The colorimetric εPL assay with multiwell microtiter plate was performed as follows. A 100-μL aliquot of the test solution was transferred into the well. The solution was mixed with 10 μL of the 1 mol/L MES and 0.5 mol/L NaOH buffer. The solution was mixed with 25 μL of the 20 mmol/L NaDPA solution; the mixture was centrifuged, and the supernatant was removed. The precipitate was mixed with 100 μL of water; the mixture was centrifuged, and the supernatant was removed. The precipitate was mixed with 100 μL of AN.
The concentration of εPL was determined by the yellowness of the AN solution, as seen in Fig. 7 , below. After the microplate assay, the separation of εPL from the AN solution was performed as follows. The AN solution was mixed with 10 μL of the 100 mmol/L BTPPACl AN solution; the mixture was centrifuged, and the supernatant was removed. The resulting precipitate was mixed with 100 μL of neat AN; the mixture was centrifuged, and the supernatant was removed to obtain a precipitate.
Results and Discussion

Colorimetric determination of εPL
In this section, the εPL standard solutions with different concentrations, cPL = 0.146x g/L (x = 0 -2), that is, x mEq/L, were used as test solutions (Eq/L being the equivalent concentration referred to lysine residue). Also, a 500 μL volume of the test solution was examined in a microtube to detect the precipitate of εPL species by visual observation.
In the present colorimetric method, first, a 500 μL aliquot of test solution was mixed with 50 μL of the 1 mol/L MES and 0.5 mol/L NaOH buffer (pH 6.2), and 50 μL of the 10 mmol/L NaDPA aqueous solution; the mixture was centrifuged, and the supernatant was removed. When cPL = 0.5 mEq/L, a yellowish precipitate was obtained, indicating that a polycationic εPL species was precipitated with the DPA -anion. The hydrophobicity of ionic species can be evaluated quantitatively with the standard Gibbs transfer energy of the ion from organic solvent, e.g., nitrobenzene, to water (ΔG 0 tr,NB→W).
The ΔG 0 tr,NB→W of the DPA -anion is reported to be 39 kJ mol -1 .
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The value is as high as ΔG 0 tr,NB→W = 36 kJ mol -1 of the tetraphenylborate anion, which also forms precipitate with the polycationic εPL. These ΔG 0 tr,NB→W-values are much higher than those of picrate -, ClO4 -, Cl -, and SO4 2-anions (3, -10, -35, and < -51 kJ mol -1 , respectively), 15, 16 which are hard to form a precipitate with polycationic εPL species.
Thus, the hydrophobicity may be an important factor for the precipitation reagent for polycationic εPL.
The tetraphenylborate anion precipitates the NH4 + and K + cations, which are added in the culture medium. 9 However, no precipitate was observed remarkably when 100 mmol/L (NH4)2SO4 and KH2PO4 solutions were tested in the first operation. Also, unlike tetraphenylborate, the DPA -anion did not form the precipitate with monomeric lysine. Thus, the DPA -anion can be expected to be a superior precipitate reagent for εPL.
Second, the precipitate was mixed with 500 μL of water; the mixture was centrifuged, and the supernatant was removed. Even after this operation, the precipitate remained in the microtube, suggesting that the precipitate can be washed with water.
Third, the precipitate was mixed with 500 μL of AN. After centrifugation, no precipitate was observed in the microtube, indicating that the precipitate was dissolved completely into the solvent. On the other hand, the polycationic εPL salts with the sphere type anions, such as tetraphenylborate and 12-molybdosilicate anions, are hardly soluble into AN. The plane structure of the DPA -anion 17 may be an important factor of the solubility of the polycationic εPL salt into the organic solvent. When cPL = 0.5 mEq/L, a yellowish AN solution was obtained. Figure 3 shows an absorption spectrum for the 20-fold dilution of the AN solution. The absorption maximum was observed at around 420 nm. The wavelength is somewhat shorter than that for a NaDPA aqueous solution, suggesting that, in the organic solvent, the polycationic εPL would associate with the counter anion to form an ion-pair. 18 The spectrum is almost identical with that of the 25 μmol/L NaDPA AN solution (curve (b) in the Fig. 3 ), indicating that εPL was precipitated quantitatively as the fully protonated εPL (εPLH n+ ) salt with the DPA -anion, εPLH(DPA)n. The acid-base equilibrium of εPL is described elsewhere. 1, 9, 10 In the aqueous solution at pH 6.2, εPL would exist in a polycationic form (εPLH m+ , m < n) by the protonation of some α-amino groups, according to the reaction:
where εPL 0 denotes the free base form (Fig. 1) . Thus, εPL species would be precipitated according to the reaction:
Namely, the protonation: εPLH m+ + (n -m)H + = εPLH n+ would be facilitated by the precipitation:
The 0.5 mEq/L εPL standard solution was examined with different pHs in the first operation. In Fig. 4 , the absorbance at 420 nm for the 20-fold dilution of the AN solution, A420,20, is plotted against the pH. Here and in the following, error bar denotes the 95% confidential limit of the mean value. At 6 < pH < 7.5, the A420,20 was almost the same value, indicating that the precipitation of Eq. (2) occurred quantitatively in the pH range. However, at pH > 8, A420,20-value decreased with increasing pH. It is noted that the DPA -anion was precipitated as HDPA remarkably at pH < 5. Thus, the MES buffer (pH 6.2) was used in the first operation.
In Fig. 5 , the A420,20-value is plotted against cPL. Dashed line in the figure shows the calculated A420,20-value under the assumption that precipitation reaction of Eq. (2) occurred quantitatively. When cPL > 0.8 mEq/L, the experimental A420,20-value was smaller than the calculated one, and the experimental error became larger. When the DPA -anion was not in excess of εPL, the polycationic εPL may form a colloidal polyion complex. 12 When cPL < 0.8 mEq/L, the A420,20-value was proportional to cPL, and satisfies the prediction. The result indicates that εPL can be determined colorimetrically when the DPA -anion is added in excess.
Separation of εPL hydrochloride salt after the colorimetric determination.
Fourth, the AN solution containing εPLH(DPA)n was mixed with 50 μL of the 100 mmol/L BTPPACl AN solution; the mixture was centrifuged, and the supernatant was removed. When cPL = 0.5 mEq/L, a white precipitate was obtained, suggesting that εPL was precipitated as a hydrochloride salt (εPLHCln), according to the reaction:
A white precipitate was obtained also by using other bulky quaternary ammonium salts, such as tetrapropyl-and tetrabutylammonium chloride, instead of BTPPACl.
Fifth, the precipitate was mixed with 500 μL of neat AN; the mixture was centrifuged, and the supernatant was removed. The white precipitate remained in the microtube, suggesting that εPLHCln can be washed with AN. Curve (a) in Fig. 6 shows a chromatogram of the 0.5 mEq/L εPL standard solution. The εPL species with n = 25 -35 were detected. The εPLHCln precipitate was obtained from the 500 μL of the standard solution, and was re-dissolved into the same volume of water. Curve (b) in Fig. 6 shows a chromatogram of the aqueous solution containing the separated sample. The εPL species of n = 25 -35 were also detected, and the yield was calculated to be 99% from the peak area.
Microtiter plate assay of εPL
The microtiter plate assay was performed with the standard solution at different cPL's. The resulting AN solutions are shown in Fig. 7A . The test solution of cPL = 0 gave an almost colorless AN solution, and the yellowness increased remarkably with cPL. Thus, 0.1 mEq/L level of εPL can be determined colorimetrically.
The 20 μL aliquot of the AN solution was transferred into another well, and was mixed with 80 μL of AN. The absorbance at 415 nm (because of the limitation of the optical filter), A′415, of the 5-fold dilution of the AN solution was determined with the microplate reader. As shown by Fig. 7B , the A′415-value increased linearly with εPL from 0 to 1 mEq/L. The regression line is given as
with the mean square of errors, 19 MSE = 0.00024. The detection limit was calculated to be 3(MSE)
1/2 /1.35 = 0.04 mEq/L. Thus, 0.1 mEq/L level of εPL can be also determined with the microplate reader.
Determination and separation of εPL from culture broth S. albulus CR1 (wild strain) was cultivated to obtain εPL-producing culture broth. Curve (a) in Fig. 8 shows the chromatogram of the culture broth. The εPL species with n = 25 -35 were detected, but the distribution of the εPL species is slightly different from that of the standard material. Also, many impurity peaks and significant background signal were observed in the chromatogram. After a correction for the background signal, the produced amount of εPL was estimated to be 1.5 mEq/L.
The present colorimetric plate assay was performed with the culture broth. The resulting AN solution was yellowish. With the calibration curve in Fig. 7B , the produced amount was determined to be 1.6 ± 0.2 mEq/L, which is in harmony with that determined from the chromatogram. Then, an εPLHCln precipitate was obtained from the AN solution, and was re-dissolved into 100 μL of water. Curve (b) in Fig. 8 shows a chromatogram of the aqueous solution. The εPL species with n = 25 -35 were detected, and the produced amount was calculated to be 1.2 mEq/L. Although the yield was 80%, the impurity peaks were no longer observed significantly. Thus, εPL can be determined and separated from the culture broth.
Other polyamines and low-molecular-weight εPL
In the present colorimetry, the 0.5 mEq/L ε-poly-L-lysine hydrobromide (molecular weight, Mw = 15000 -30000), glycol chitosan (n > 400), poly(allylamine hydrochloride) (Mw = 15000), and branched polyethyleneimine (Mw = 750000) solutions gave yellowish precipitates. The resulting AN solution gave the absorption spectra identical with that given by the 0.5 mEq/L εPL solution. Thus, the present colorimetry can be applied also to the determination of these synthetic polyamines. Also, the present method may be applied to the determination and separation of other basic polypeptides.
Curve (a) in Fig. 9 shows a chromatogram of the 0.5 g/L hydrolyzed εPL, that is, low-molecular-weight εPL solution. According to the procedure, the εPLHCln was separated from the hydrolyzed εPL solution, and the εPLHCln was dissolved in Fig. 9 . The εPL with n ≥ 4 were detected. Tetramer is the critical unit 20 also in the separation method using the tetraphenylborate anion. The present method may be applied to the determination and separation of natural products, which exist as a tetra-, penta-, or hexavalent cationic species. Now, the applicability to the determination and separation of streptothricin, 21 which consists of lysine oligomer, is being studied.
The present determination and separation method is rapid and easy to carry out. In conclusion, the present method would be useful for the bioengineering study on the production of εPL.
